SUMMARY This letter presents a boundary-active-only (BAO) power reduction technique for cell-network-based region-growing video segmentation. The key approach is an adaptive situation-dependent power switching of each network cell, namely only cells at the boundary of currently grown regions are activated, and all the other cells are kept in low-power stand-by mode. The effectiveness of the proposed technique is experimentally confirmed with CMOS test-chips having small-scale cell networks of up to 41×33 cells, where an average of only 1.7% of the cells remains active after application of the proposed approach. About 85% power reduction is thus achievable without sacrificing real-time processing.
Introduction
Recently object-based image processing, such as object recognition, tracking, or object-based image compression, has become an important research field for battery-driven applications. Since visual information is generally complex and contains a multitude of information, it is difficult to achieve real-time processing for standard-size video images (e.g. VGA, 640 × 480 pixels) with general purpose hardware like FPGAs, microprocessors or digital signal processors (DSP).
Image segmentation can reduce the processing complexity by extracting important information like objects from image data. Many segmentation algorithm have already been proposed [1] , [2] . However, the majority of these algorithms is strongly software-oriented and important requirements of mobile applications, namely low-power, compactness, as well as real-time processing, cannot be satisfied simultaneously. In particular, hardware implementations are basically restricted to a DSP solution because of algorithm complexity. An especially suitable approach for real-time segmentation is the well-known region-growing approach, because pixel-parallel processing becomes possible. Therefore, recently analog as well as digital LSI architectures for cell-network-based region-growing segmentation have been proposed [3] - [5] . However, these architectures still have a problem with respect to power dissipation when applied to real-time processing of standard-size images. Our proposal of a cell-network-based digital video-segmentation architec- ture [4] , [5] was found to be applicable to real-time QVGAsize video segmentation with the current 90 nm CMOS integration technology at a relatively high power dissipation of about 1 W. In this letter, we report the boundary-active-only (BAO) power-reduction concept, which solves the power dissipation issue of cell-network-based image segmentation by region-growing. We have verified the effectiveness of the BAO concept with test-chips fabricated in 0.35 µm CMOS technology.
Cell-Network-Based Segmentation Architecture
Before describing the BAO concept, the basic behavior of our region-growing segmentation algorithm (see [4] , [5] for more detail) is shortly reviewed with reference to Fig. 1 .
At first, connection-weights are calculated from luminance (RGB-data for color images) differences between neighboring pixels ( Fig. 1 (b) ). Then leader pixels, which are the seeds of the subsequent region-growing processes, are determined from these calculated connection-weights ( Fig. 1 (c) ). In the main phase, self-excitation ( Fig. 1 (d) ) and segment-growing ( Fig. 1 (e) ,(f)) are executed for determining the individual segments. Region-growing of a segment starts with the self-excitation of a seed pixel, selected by a token-passing algorithm from the leader pixels ( Fig. 1 (d) ). In each step of the region-growing process, all pixels examine their own state with a threshold condition for the sum of connection-weights with excited neighbors (Fig. 1 (e),(f) ). If pixels satisfy the threshold condition, then they are excited in parallel and added to the grown region. The described region-growing step is repeated as long as excitable pixels exist. If there are no excitable pixels left, the region of excited pixels is labeled as one segment and inhibited ( Fig. 1 (g) ). The above self-excitation and regiongrowing phases are repeated until all leader pixels are inhibited ( Fig. 1 (h) ,(i)). In summary, the segmentation algorithm [4] , [5] can be divided into 6 steps: (1) calculation of connection-weights with neighboring pixels, (2) determination of leader pixels, (3) self-excitation of leader pixel, (4) detection of excitable dependent pixels, (5) excitation of dependent pixels (region-growing), (6) inhibition and labeling of all excited pixels (definition of segment pixels).
The corresponding cell-network-based VLSI implementation consists of 4 functional blocks, namely for connection-weight calculation, leader pixel determina- tion, image-segmentation processing (cell-network), and segmentation-result storage. The connection-weight calculation circuit and leader-pixel determination circuit execute the initialization steps (1)(2) of the algorithm. Calculated connection-weights and leader cells are transmitted to the cell-network for segmentation processing in column pipeline mode. Within the cell-network, which consists of processing cells corresponding to the pixels and connectionweight-register blocks, the steps (3)-(6) of the algorithm are carried out for all pixels in parallel. Each cell determines its current status in each clock cycle from the connectionweights to its excited nearest neighbors. The connectionweights are stored in the connection-weight-register blocks, which are placed between the cells. The segmentationresults are then transfers to a memory by the segmentationresult storage circuit.
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Boundary-Active-Only (BAO) Scheme
Our cell-network-based segmentation architecture, described in Sect. 2, relies on pixel-based fully-parallel processing. Therefore, power dissipation increases in proportion to the number of pixels. The power dissipation of a QVGA-size cell-network is estimated to be over 1 W on the basis of test-chip designs. In particular, for application in battery-based mobile systems, substantial reduction of the power dissipation is therefore indispensable. For this purpose, we propose a boundary-active-only (BAO) scheme as a low-power technique which doesn't sacrifice real-time processing. It effectively exploits the region-growing characteristics of the algorithm, that only the boundary cells of the currently grown region must be in active mode. All other cells may be set to a low-power stand-by mode as conceptually illustrated in Fig. 2 . Consequently, a network cell can be kept in low-power stand-by mode, if it satisfies one of the 3 following conditions:
(1) It is already excited (cell status flag register x i j = 1).
(2) It has already a segment number (cell status flag register l i j = 1).
(3) It is not excited and has no segment number, but there are no neighboring cells excited during the previous clock cycle t.
The cells which don't satisfy above conditions automatically activate themselves, so that our BAO scheme realizes self-adaptive power-off switching in each network cell. Since all network cells are generally in different states and have different conditions of their neighboring cells, the determination process of the network cells to be activated is quite complicated and difficult to organize in a centralized manner. Therefore, decentralized cell-internal self-adaptive power-switching is easier to implement and can effectively reduce power dissipation of the cell network.
Circuit Implementation
The BAO concept is implemented in the cell-network with both a decentralized local approach, which puts individual cells into low power mode, and a global approach for eliminating in addition the clock distribution to most of the cells in low-power stand-by mode. The local approach is to implement a BAO controller in each cell (see Fig. 3 (a),(b) ), which examines the 3 stand-by-mode conditions and keeps the cell in stand-by mode, if at least one of these conditions is fulfilled. The cells, which satisfy none of the 3 conditions, are activated by a gated-clock signal (cell CLK i j ).
Since the cell network has long global clock lines with large capacitances, clock-distribution minimization is applied as a global power-reduction technique, which becomes possible by the BAO concept. Figure 4 explains the global BAO power-reduction circuit, which restricts clock distribution to potentially active network cells in the next clock cycle t+1 by detecting those cells of the grown region, which were activated in the previous clock cycle t. This detection is no overhead because it is required anyhow for recognizing the region-growing end, and is carried out with an OR-function of the state signals of all network cells, indicating whether the respective cells have been included in the currently grown region during the previous clock cycle t. Only cell-network rows i, where cells have been included in the grown region, will output a ZOR i = 1 signal. The global BAO controller distributes the clock signal only to the neighboring rows i-1, i, i+1 of these detected boundarycell rows in the next clock cycle t+1.
Performance Evaluation with Fabricated Test-Chips
We have designed a video segmentation test-chip ( Fig. 5 and Table 1 ) with the BAO circuits described in Sect. 3.1 as well as a non-BAO test-chip [4] in a 0.35 µm 2-Poly 3-Metal CMOS technology. The BAO and non-BAO chips in- This means that there is practically no processing time increase due to the BAO circuits, because they do not change the cell-processing, and just control the power-switching of each cell or the distribution of the clock signal. Measured average power dissipation of the 41×33 testchip with BAO circuits is 45.8 mW or 33.8 µW per cell at 10 MHz clock frequency. The average number of active cells in each clock cycle is 1.7% of the total number of cells for the chosen set of test images. The average power dissipation of the designed 10 × 10 cell-network without BAO is 24.4 mW or 244 µW per cell at 10 MHz clock frequency. Consequently, the implementation of the BAO concept resulted in an effective average power reduction of 86% per cell of the cell-network. We summarize the comparison results between BAO and non-BAO test-chips in Table 2 .
To estimate the effect to the BAO power reduction concept on larger size cell-networks, we have simulated the average number of active pixels in the region-growing segmentation of a large sample set of natural images. It was found that the percentage of the average number of active pixels decreases with increasing image size. For images with 250 ×250 and 640 ×480 pixels the average percentage of ac- tive pixels was always below 0.6% and 0.4%, respectively. Consequently, the BAO power-reduction concept for regiongrowing video segmentation based on cell-networks can be expected to be a very effective and indispensable concept in practical applications.
Conclusions
In this letter, we proposed a self-adaptive power-reduction scheme, called boundary-active-only (BAO), for regiongrowing image segmentation. By applying the BAO scheme, about 85% power reduction can be achieved for a 41 × 33 cell network where an average of 1.7% of the cells is active for typical images. In the segmentation of standard-size pictures with larger cell networks, the average number of active cells reduces significantly below 1%, i.e. the achievable power reduction will increase even further.
